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Sedimentary fabrics in the authigenic carbonates from Bush
Hill: implication for seabed fluid flow and its dynamic
signature
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Key Laboratory of Marginal Sea Geology, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou,
China; 2Coastal Studies Institute, Louisiana State University, Baton Rouge, LA, USA; 3Graduate University of Chinese
Academy of Sciences, Beijing, China

ABSTRACT
Seep carbonates, the product of cold seep fluids mediated by microbial activity, archive information on seabed
fluid flow and microbiological processes that led to their formation. Sedimentary fabrics are well developed in the
authigenic carbonate from active seep sites at Bush Hill, Green Canyon Block 185 of the Gulf of Mexico. This
authigenic carbonate has much lower carbon isotope values than typical marine cements and the carbonate is
concluded to be derived from the oxidation of seeping petroleum. The authigenic fabrics commonly exhibit
microbial or texturally unique sedimentary structures; e.g. framboidal pyrite, clotted microfabric and peloid, botryoidal aragonite, microfilament, and rosette-like aragonite are all preserved in seep carbonate. These fabrics are
indicators of biological influence during microbial oxidation of petroleum and sulfate reduction when cold fluids
seep on to the seabed. The textures are therefore considered as additional evidence that can be used to identify
and interpret ancient cold-fluid seeps on seafloor. The difficulty of the preservation of these biogenic fabrics is
thought to be related to the redox condition and dynamic signature (e.g. rate of fluid flow) of cold seeps.
Key words: Bush Hill, fluid flow, Gulf of Mexico, microbe, redox condition, sedimentary fabrics, seep carbonate
Received 29 September 2008; accepted 9 October 2008
Corresponding author: Duofu Chen, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, NO 511
Kehua Street, Tianhe District, Guangzhou, 510640, China.
Email: cdf@gig.ac.cn. Tel: 86 20 85290286. Fax: 86 20 85290130.
Geofluids (2008) 8, 301–310

INTRODUCTION
Cold seeps are common along most ocean margins and are
typified by their dense biological colonization (e.g. Campbell et al. 2002; Campbell 2006). It is widely accepted that
the anaerobic oxidation of methane (AOM) is mediated by
consortia of methane-oxidizing archaea (MOA) and sulfatereducing bacteria (SRB) in cold seep sites (e.g. Boetius
et al. 2000). This collaboration of bacterial activity is suggested by fluorescence studies on living MOA and SRB.
For example, 3 · 109 MOA cells cm)3 and 6 · 109 SRB
cells cm)3 are estimated to be present in the upper 5 cm of
surface sediments at Hydrate Ridge on the Cascadia margin
(Boetius et al. 2000). In the Gulf of Mexico, 1.5 · 109
MOA and SRB cells cm)3 have been estimated to populate
hydrate-associated sediments, and 1.0 · 106 MOA and
SRB cells ml)1 to populate fluids produced by hydrate
decomposition (Lanoil et al. 2001). In the Black Sea,
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Michaelis et al. (2002) reported 1012 MOA and SRB cells
cm)3 in bacterial mats up to 10 cm thick, and also show
that bacteria cover the surfaces of carbonate chimneys at
gas seeps.
Given that MOA and SRB are very abundant and catalyze reactions that lead to the precipitation of carbonate
and pyrite, and were presumably present in ancient seeps,
it is plausible that these microbes could be preserved as
carbonate and pyrite as has been suggested. For example,
Peckmann et al. (2001, 2002) suggested that the carbonate filaments they observed were fossilized MOA bacteria.
Popa et al. (2004) suggested that pyrite framboids found
in anoxic microbial mats associated with venting methane
gas were of microbial origin. Biomarkers indicate that
MOA and SRB were present at recent and ancient gas
seeps at many locations worldwide (Elvert et al. 2000;
Lanoil et al. 2001; Aloisi et al. 2002; Michaelis et al.
2002; Thiel et al. 2003; Zhang et al. 2003; Blumenberg
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et al. 2004; Peckmann & Thiel 2004; Stadnitskaia et al.
2005; Birgel et al. 2008).
Indeed, peloids, botryoidal aragonite, clotted fabric and
framboidal pyrites are common in seep carbonates (Ritger
et al. 1987; Cavagna et al. 1999; Naehr et al. 2000, 2007;
Peckmann et al. 2001, 2002; Peckmann & Thiel 2004;
Chen et al. 2005, 2006, 2007; Jenkins et al. 2008). Are
those sedimentary fabrics preserved in seep carbonate
biogenic? The reason why they are hard to preserve is not
fully understood.
In this paper we take the view that if MOA and SRB
bacteria are being fossilized then this should be occurring
in the cold seeps of the Gulf of Mexico. In this context,
we describe the sedimentary fabrics formed in seep carbonates from an active cold seep site, Bush Hill of the Gulf of
Mexico, where MOA and SRB are active today. The origin,
preservation and indicators of these sedimentary fabrics will
be discussed.

METHODS AND MATERIALS
The Bush Hill hydrate mound (2746¢N; 9130¢W),
located near the boundary of Green Canyon Block 184
(GC184) and Green Canyon Block 185 (GC185), Gulf of
Mexico (Fig. 1), is a fault-related seep and hydrate site
where water depth is approximately 540 m and bottom
water temperature is approximately 7C. Gas seeps, gas
hydrate, seep carbonate, and the colonies of tube worms,
mussels, and bacterial mat are present on the seafloor at
this site (Macdonald et al. 1994; Roberts & Aharon 1994;
Sassen et al. 2004).
The seep carbonates were collected for study in 1997
and 1998 during the dives Johnson-Sea-Link dives 2904,
4061, and 4063 (Table 1). A clamshell sampler at the end
of the robotic arm of Johnson-Sea-Link I submersible was
used for the collection.
Authigenic carbonates occur as variably indurated and
variably porous crusts. Their colours range from grey, white

Fig. 1. Location of Bush Hill (GC 185) study site.

Table 1 XRD mineral composition of the studied samples (Feng et al.
2008a).
Relative percentages (wt %)
Sample
no.
Year–Dive no.

Aragonite Calcite Muscovite Kaolinite Dolomite

BH-A
BH-B
BH-C
BH-D
BH-F
BH-G
BH-H

94.9
88.5
99.0
99.1
97.1
92.5
88.7

1997–JSL
1997–JSL
1997–JSL
1997–JSL
1998–JSL
1998–JSL
1998–JSL

I-2904
I-2904
I-2904
I-2904
I-4061
I-4063
I-4063

5.10
3.80
0.90
0.90
2.90
7.50
3.30

<0.1
4.8
0.1
–
–
–
–

–
1.7
–
–
–
–
–

–
–
–
–
–
–
7.8

to yellow. Tube worm casts, serpulid wormtubes, and microbially degraded crude oil are observed in the samples.
Lucinid–vesycomyid clam shells, up to 9.5 cm in length and
4.5 cm in width, are well preserved in the carbonates. This
single type of bivalve shell is the most abundant component
(>40% in volume) in some crusts (Feng et al. 2008a).
The samples were washed with fresh water at the time of
collection. They were washed again using distilled water and
then air-dried before analysis. All the rock specimens were
examined and described morphologically, and then representative samples were selected for petrographic thin section
analysis and scanning electron microscopy (SEM). Petrographic observation of thin section was made using a LEICA-DMRX optical microscope. The crushed samples were
prepared by gold coating to a thickness of approximately
200 Å for SEM observation. The microstructure of the seep
carbonate on the fresh surfaces of crushed samples was examined with a SEM. Photographs were taken using a Quanta
400 SEM at Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences and a Sirion 200 FE-SEM equipped
with EDAX GENESIS at Central South University,
operating at 10–20 kV with a 5–9 mm working distance.
The powdered samples were processed with 100% phosphoric acid to release CO2 for stable carbon and oxygen
isotope analysis. Carbonate carbon and oxygen isotopic
compositions in permil (&) relative to PeeDee Belemnite
(PDB) standard were measured by using a GV Isoprime II
stable isotopic mass spectrometer with deviations less than
0.2& (2r) for both d18O and d13C values.
The seep carbonate powder (0.5 g) was treated with
50 ml of 5% HNO3 in a centrifuge tube for 2–3 h to separate the carbonate mineral phase and residue phase. Then,
2500 ng of rhodium was added as an internal standard for
calculating the element concentration of the dissolved carbonate mineral phase. Five milliliters of this solution was
further diluted 10 times to be used for the rare earth
element (REE) and trace element analysis by using a
Finnigan MAT ELEMENT high-resolution inductively
coupled Plasma mass spectrometry (ICP-MS). The precision
of the REE and trace element analysis was checked by
multiple analyses of international carbonate standard
 2008 The Authors
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samples CAL-S. The average standard deviations are less
than 10%, and average relative standard deviations are better
than 5%. (For detailed ICP-MS analyses, see Qi et al.,
2005.) In this paper, Ce ⁄ Ce* denotes 3CeN ⁄ (2LaN + NdN),
Ceanom denotes log(Ce ⁄ Ce*), where N refers to normalization of concentration against the standard Post-Archean
Australian Shale (PAAS; McLennan 1989).

RESULTS
Aragonite is the dominant mineral (89–99 wt%) in the
matrix of these seep carbonates (Table 1), as revealed by
X-ray diffraction analysis. Samples BH-C and BH-D contain the most aragonite. However, samples BH-A, BH-B,
BH-F, BH-G, and BH-H seem to contain much more calcite, and BH-B has a small amount of clay minerals
(muscovite ⁄ illite and kaolinite), whereas other samples are
pure in aragonite and calcite.
Petrographic observation indicates that there are pyrite
framboids, about 5–10 lm in diameter (average approximately 7 lm), dispersed within the carbonates. Pyrite framboids occur as aggregated spheroids and sometimes infill
foraminifer chambers (Fig. 2). The framboids are composed of numerous smaller particles, approximately 0.5 lm
in diameter and mostly occur as pentagonal dodecahedron
(Fig. 3B), spherical (Fig. 3C), and cubic crystals (Fig. 3D).
Those forms of pyrite crystals co-exist in a small area
(<20 lm in diameter) (Fig. 3A). Fractured framboids are
also observed (Fig. 3A,F), and the fractures are small to
relatively large in scale (I, II and III in Fig. 3A).
Clotted microfabric consists of the aggregates of irregular microcrystalline grains with varied size usually less than
200 lm in diameter. They commonly show irregular margins and are loosely packed (Fig. 4A,D). The space
between clots is primarily open and may be partly filled by
tiny rim cement originating from the clots (Fig. 4A). The
peloids preserved in these seep carbonates are darker microcrystalline carbonates with variable spherical shapes.
These microcrystalline forms usually show intense fluorescence and no differentiated internal structures (Fig. 4D).
The space between peloids is filled with acicular aragonite
crystals. Dark peloids occur as a nuclei, around which acicular aragonite crystals develop (Fig. 4D,F).

Botryoidal aragonite occurs as various dome-shaped
hemispheres that consist of fibrous aragonite crystals and
crystal fans. This botryoidal aragonite is commonly formed
on free surfaces as well as in cavities. Isopachous rims are
another crystal form of aragonite, but are less common
than botryoidal aragonite. Botryoidal aragonite shows multiple stages of mineral growth. The dark band is parallel to
its growth direction and shows intense fluorescence
(Fig. 5C,D). When observed under SEM, it is apparent
that the botryoidal aragonite is composed of fibrous aragonite crystals (Fig. 5E). The mineral veins can also be
observed with growth directions interpreted to be parallel
to the vein wall (Fig. 5F).
Microfilaments occur in a bending and acicular (curly)
form and are less than 1 lm in diameter. They are typically
attached to the surface of the aragonite (Fig. 6). The microfilaments are locally extensive, and have dendritic or finger-like morphologies (Fig. 6). Aragonite aggregates,
occurring in a rosette-like morphology 20 lm in diameter
were also observed. The aggregates are composed of
fibrous aragonite crystals (Fig. 7).
The results of isotope analysis show that the Bush Hill
seep carbonates have variably depleted stable carbon isotopes relative to typical marine cements (Table 2). Samples
BH-C, BH-D and BH-H have less depleted d13C values
than the other samples.
The results of trace element analysis are listed in Table 3.
The total content of REE of the 5% HNO3-treated solution
of the carbonates is from 7.07 to 26.57 ppm. The shalenormalized REE patterns show both negative Ce anomalies
(samples BH-C and BH-D) and positive Ce anomalies (samples BH-A, BH-B, BH-F, BH-G, and BH-H; Fig. 8).

DISCUSSION
Microbial mediated sedimentary fabrics in seep carbonate
Framboidal pyrite
Pyrite occurring as framboids is typically associated with
authigenic carbonates, thereby indicating that sulfate
reduction was active during carbonate precipitation. The
association between authigenic carbonate and pyrite has
already been observed in fossil seeps (Campbell et al. 2002;

(A)

Fig. 2. Light microscopic images of framboidal
pyrite. (A) The pyrite framboids (gray to white)
scatter in the aragonite (black), and occur as
bacterial aggregated spheroids, reflected light;
sample BH-G. (B) Pyrite framboids (white
arrows) occur as infilling of foraminifer chambers, plane transmitted light; sample BH-H.
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(B)

5 µm

100 µm
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(A)

(B)

III

I

II

2 µm

10 µm

(C)

(D)

2 µm

2 µm

(E)

(F)

0.5 µm

2 µm

Peckmann & Thiel 2004; Campbell 2006) and modern seeps (Hovland et al. 1987; Ritger et al. 1987; Cavagna et al. 1999; Stakes et al. 1999; Aloisi et al. 2000;
Diaz-del-Rio et al. 2003; Sassen et al. 2004; Chen et al.
2006, 2007; Gontharet et al. 2007; Judd & Hovland
2007).
The size distribution of framboids can yield insight into
their genesis because rapidly growing framboids are smaller
and more homogeneous (Wilkin & Barnes 1996). The
framboids in the seep carbonates of Bush Hill have an
average diameter of approximately 7 lm and are not significantly different in size (5–10 lm; Figs 2 and 3). Additional evidence for the origin of the framboidal pyrite
results from the size distribution of pyrite microcrystallites
within framboids. Popa et al. (2004) showed that the
biogenic framboids have a remarkable low number of
microcrystallites (10–100), which is similar to the framboids of Bush Hill seep carbonates (the number of microcrystallites within framboids is not greater than 103;
Fig. 3), while most abiotic framboids contain a large number of microcrystallites (potentially up to 109; Goldhaber
& Kaplan 1974). The relationship between bacterial
activity and biomineralization is also supported by the
presence of similar pyrite framboids in other cold seep sites
in the world, e.g. Blake Ridge (Naehr et al. 2000), Gulf of
Cádiz (Diaz-del-Rio et al. 2003), Green Canyon Block
238 of Gulf of Mexico and near Dongsha Island of South
China Sea (cf. Chen et al. 2006, 2007).

Fig. 3. SEM images of pyrite framboids; sample
BH-G. (A) Pyrite framboids approximately
5–10 lm in diameter dispersed within seep carbonates. The framboids occur as pentagonal
dodecahedron (B), spheric (C), and cubic (D)
crystals. (E) The framboids are composed of
numerous smaller particles (microcrystallites),
approximately 0.5 lm in diameter. (F) An
enlargement of white rectangle of (A), showing
the detail of fractured pyrite.

Pyrite crystallites have a variety of crystal forms (pentagonal dodecahedron, spheric, and cubic) within a small area
(Fig. 3A). A link to morphology may be related to smallscale variations in the chemical environment during pyrite
precipitation induced by microbial metabolism. Small-scale
variations in the chemical environment of cold seep sites
are common (e.g. Peckmann & Thiel 2004; Hackworth
2005).
Clotted microfabric and peloid
To discriminate clotted carbonates from peloidal carbonates, Peckmann et al. (2002) pointed out that the latter
term should only be used for more regular fabrics. Two
types of peloids were recognized in seep carbonates: faecal
pellets and sedimentary peloids (Peckmann et al. 2002).
Clotted microfabric and peloids were found in both modern and ancient seep carbonate (Chafetz 1986; Roberts &
Aharon 1994; Naehr et al. 2000; Peckmann et al. 2001,
2002; Feng et al. 2008a,b). The lack of cement infilling
the pore space between micritic clots of Black Sea methane-seep deposits revealed that the clotted fabric of ancient
seep deposits is primary and does not result from recrystallization (Peckmann et al. 2001).
Clotted fabrics of different scales are regarded as typical
features of microbial carbonates (Burne & Moore 1987).
These textures have been observed in modern seep carbonates, e.g. Black Sea (Peckmann et al. 2001), Alaminos Canyon of Gulf of Mexico (Feng et al. 2008b), and in ancient
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(A)

(B)

50 µm

100 µm

(C)

Fig. 4. Clotted microfabrics and peloids in seep
carbonate. (A) Light microscopic image of a clotted microfabric, which has irregular margins and
is loosely packed. The space between clots is primarily open and may be partly filled by a tiny
rim cement originating from the clots (plane
polarized light), Sample BH-A. (B) SEM image of
clotted microfabric (lower) and botryoidal aragonite (upper), which originates from clotted
microfabrics; Sample BH-A. (C) An enlargement
of clotted microfabrics of (B); Sample BH-A. (D)
Thin-section photomicrograph (plane polarized
light) of circumgranular aragonite cement around
dark, micritic peloids; sample BH-F. (E) Circumgranular sparite aragonite cement around dark,
spheric or elliptical, micritic peloids from Alaminos Canyon of GOM (plane-polarized light)
(Feng et al. 2008b). (F) Same section as (E), the
peloid shows intense fluorescence, fluorescent
light (Feng et al. 2008b).

(D)

20 µm

(E)

seep carbonates (Peckmann et al. 2002). Therefore, the
common occurrence of clotted microfabrics and peloids in
seep deposits may be related to small-scale variations in the
chemical environment during carbonate precipitation
caused by microbial metabolism (cf. Peckmann & Thiel
2004). The clotted microfabrics and peloids were induced
by the vital activity of bacterial colonies in cold seep site.
Based on the spatial arrangement and irregular shape of
clots, the peloids show intense fluorescence and no differentiated internal structures; it is proposed that both sedimentary fabrics of clotted microfabrics and peloids are
microbial in origin. If this is true, the fabrics would indeed
represent circumstantial, but not unequivocal, evidence for
microbial mediation as suggested by Peckmann et al.
(2002).
Botryoidal aragonite
Botryoidal aragonite is one of the typical carbonate fabrics
in both modern and ancient seep carbonates (Roberts et al.
1993; Goedert et al. 2000; Peckmann et al. 2001; Popa
et al. 2004; Himmler et al. 2008). Methane-based microbial activity is not crucial for the formation of botryoidal

300 µm

(F)

200 µm

aragonite (Peckmann et al. 1999). But the formation of
botryoidal aragonite at cold seep environments suggests a
rapid precipitation because of the micro-oversaturation of
bicarbonate induced by anaerobic methane oxidation. The
supporting evidence includes: (i) laboratory simulations of
the Gulf of Mexico slope seep environment reinforce the
hypothesis that methanotrophic bacteria may be responsible for carbonate precipitation, especially for botryoidal
aragonite (Roberts et al. 1993); (ii) naturally occurring
botryoidal aragonite in seep carbonate usually arising from
a dark, organic-rich nucleus (Roberts et al. 1993; Feng
et al. 2008b); and (iii) botryoidal aragonite cement usually
yield the most negative d13C values in seep carbonate
(Goedert et al. 2000; Himmler et al. 2008; Feng et al.
2008a,b). Figure 4C illustrates that the botryoidal aragonite originated from peloids as the peloids show intense
fluorescence and most probably are composed of bacterial
aggregation.
Microfilament and rosette-like aragonite
The microfilaments described here are similar to the
hydrate-associated microorganisms from Green Canyon
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(A)

(B)

600 µm

(C)

600 µm

(D)

100 µm

(F)

(E)

2 µm

(A)

0.5 µm

Fig. 5. Isopachous and botryoidal aragonite preserved in seep carbonate from Bush Hill. (A)
Light microscopic image of isopachous aragonite,
showing multiple layers of mineral growth; sample BH-A. (B) Coexistence of isopachous and
botryoidal aragonite; sample BH-C. (C) An
enlargement of white rectangle in (B), botryoidal
aragonite shows multiple stages of mineral
growth, dark bands parallel to growth direction;
sample BH-C. (D) Same section as (C) in fluorescent light, dark bands shows intense fluorescence; sample BH-C. (E) SEM image of
botryoidal aragonite shows that it consists of
fibrous aragonite; sample BH-F. (F) An enlargement of white rectangle in (E).

(B)

2 µm

0.5 µm

block 232 and block 234, Gulf of Mexico, which were also
similar to the morphologies described for ANME1 archaea
(Orphan et al. 2001, 2004; Orcutt et al. 2004). Because
of the uniformity in pattern, it is likely that the microfilaments are microbially related products (e.g. ANME1
archaea).
Although further investigation (e.g. biomarkers) is
needed, we currently presume that the microfilaments are
derived from a microbial source of fossilized microbes that
may be involved in the oxidation of hydrocarbons at cold
seep sites. Filaments preserved in seep carbonates have
been reported before and considered to be fossilized bacteria (Peckmann et al. 2001; Chen et al. 2007).

Fig. 6. Microfilament preserved in seep carbonate from Bush Hill. (A) Microfilaments of nanometer-scale occur aggregated and attached onto
the surface of aragonite; sample BH-F. (B) An
enlargement of the position of the arrow in (A).

The rosette-like morphology of crystal aggregates has
been observed in natural samples and in laboratory
precipitates. Rosettes are commonly attributed to bacterial activity (Barbieri et al. 2006). This type of aggregate
also occurs in seep carbonates (Lein et al. 2002). In a
modern deposit in the Dnepr canyon (northwestern part
of the Black Sea) at water depth of 60 to 590 m (Lein
et al. 2002), the rosettes are dolomitic and were interpreted to be related to bacterial activity. However,
Power et al. (2007) suggested that similar aragonite crystal morphologies can be formed under both biotic and
abiotic conditions. Obviously, a rosette-like morphology
can have different origins and may precipitate abiotically,
 2008 The Authors
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Preservation of the biogenic fabrics

10 µm

Fig. 7. Rosette-like morphology aragonite; sample BH-B.

Table 2 Carbon and oxygen stable isotopes of the studied seep carbonates.
Sample no.

d13C (&, PDB)

d18O (&, PDB)

BH-A
BH-B
BH-C
BH-D
BH-F
BH-G
BH-H

)23.74
)24.17
)14.50
)12.32
)25.90
)26.08
)16.16

3.92
3.10
2.26
2.04
3.26
3.38
3.72

Table 3 Elemental content (ppm) of 5% HNO3-treated solution in seep
carbonate samples.
Sample no.
Element

BH-A

BH-B

BH-C

BH-D

BH-F

BH-G

BH-H

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
REE
Ce ⁄ Ce*
Ceanom

2.93
5.41
0.69
2.75
0.63
0.13
0.53
0.09
0.47
0.09
0.25
0.04
0.21
0.03
14.25
0.87
)0.06

3.73
7.31
0.92
3.58
0.75
0.16
0.58
0.09
0.51
0.09
0.25
0.04
0.21
0.03
18.25
0.92
)0.04

6.09
5.73
1.28
5.21
0.86
0.16
0.54
0.09
0.41
0.07
0.20
0.02
0.16
0.02
20.85
0.46
)0.34

4.93
5.42
1.03
4.17
0.71
0.15
0.51
0.08
0.37
0.07
0.19
0.02
0.17
0.02
17.84
0.54
)0.27

1.28
2.79
0.37
1.40
0.31
0.07
0.28
0.04
0.24
0.04
0.12
0.01
0.09
0.01
7.07
0.97
)0.01

5.31
10.59
1.33
5.15
1.08
0.24
0.94
0.14
0.80
0.15
0.39
0.06
0.34
0.05
26.57
0.93
)0.03

2.30
5.12
0.67
2.55
0.57
0.08
0.51
0.08
0.44
0.08
0.22
0.03
0.19
0.03
12.87
0.99
0

The genesis of sedimentary fabrics and their preservation in
seep carbonates have been the subject of some discussion
(e.g. Peckmann et al. 2002; Peckmann & Thiel 2004;
Chen et al. 2006, 2007). The preservation of biogenic fabrics seems even harder in the seep carbonate samples of
Bush Hill. This is because of the fact that many of the
sediments here have been oil-stained (Roberts & Aharon
1994), which is consistent with the moderately depleted
stable carbon isotope values (Table 2). As a prerequisite
for fossilization, the microbes in seep carbonates must have
been exposed to an anoxic environment (Peckmann et al.
2004; Mazzini et al. 2006; Judd & Hovland 2007). The
formation of carbonates at cold seep sites is restricted to
anoxic conditions, because aerobic oxidation of methane
produces carbon dioxide, which leads to dissolution rather
than precipitation of carbonate (e.g. Paull et al. 1992;
Peckmann et al. 2001; Francisca et al. 2005).
Wright et al. (1987) defined Ceanom < )0.1 as an indication for oxidizing conditions and Ceanom > )0.1 as an indication for anoxic conditions. Based on the stable carbon
isotope values (Table 2), REE (Table 3 and Fig. 8), occurrence frequency of sedimentary fabrics (Table 4), and morphology of seep carbonates, it is suggested that the primary
factor controlling the redox condition of seep carbonates is
the flux rate of fluids at the seep site. Under relatively slow
seepage conditions, carbonate precipitated deep below the
water ⁄ sediment interface, where conditions are anoxic, the
carbonates are generally not very porous and have depleted
13
C values. On the other hand, in relatively fast seepage
settings, carbonates precipitated at shallower subsurface and
even near the water ⁄ sediment interface, where the formation
condition is aerobic; the resulting carbonate occurs with
considerable porosity and relatively less depleted 13C values.
Remarkably, the fabrics observed in this study are mainly
from samples formed under anoxic conditions (BH-A, BHB, BH-F, BH-G and BH-H; Table 3), while the samples
formed under oxic conditions (samples BH-C and BH-D;
Table 3) contain only limited fabrics. Thus, we propose that
the redox condition may be critical for the preservation of
the microbes in seep sites. In addition, the dynamic signature of cold seep environments (e.g. varying rate of fluid
flow) is another factor that influences the microbial activities,
as postulated by other authors (Hovland 2002; Judd &
Hovland 2007). Relatively anoxic conditions, and low fluid
flow rate are favourable for the preservation of microbes at
seep environments.

CONCLUSIONS
but microbial activity is probably a common cause of
rosette formation by inducing the necessary degree of
supersaturation.

Normally rare authigenic fabrics, including framboidal pyrite, clotted microfabric and peloid, botryoidal aragonite,
microfilament, and rosette-like aragonite, were found in
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Table 4 Redox condition, relatively rate of fluid flow, and occurrence frequency of sedimentary fabrics of the studied seep carbonates from Bush
Hill.
Sample
no.

Redox condition ⁄ relative
rate of fluid flow

Occurrence frequency of
sedimentary fabrics

BH-A
BH-B
BH-C
BH-D
BH-F
BH-G
BH-H

Anoxic ⁄ slow
Anoxic ⁄ slow
Oxic ⁄ fast
Oxic ⁄ fast
Anoxic ⁄ slow
Anoxic ⁄ slow
Anoxic ⁄ slow

Frequently
Frequently
Rarely
Rarely
Frequently
Frequently
Frequently

Er

Tm

Yb

Lu

Fig. 8. Shale-normalized REE patterns of the 5%
HNO3-treated solution of seep carbonates.
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